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ENERGY-OPTIMIZED VEHICLE ROUTE
SELECTION

TECHNICAL FIELD

The present disclosure relates to a system and a method

for determining energy-optimized driving routes for a
vehicle.

BACKGROUND

Vehicle navigation systems are used to determine a user’s
present position using global positioning system data. The
present position 1s then displayed via a geocoded and
annotated map. Example mapping data may include topo-
graphical, road network, and point of mterest information.
Such information 1s typically communicated to the naviga-
tion system from a remote geospatial database or accessed
from an onboard memory location.

A recommended travel route may be determined by a
navigation system based on the shortest time or distance
between a route origin and a route destination for a given
trip. The recommended travel route 1s then displayed as a
map trace and/or as turn-by-turn driving directions. Such
conventional approaches to route planning, while effective
at determining the shortest distance or travel time, are less
than optimal for determining the most energy eflicient of
available routes or for optimally controlling operation of the
vehicle.

SUMMARY

A navigation system and accompanying method as dis-
closed herein are mtended for use 1 determining an opti-
mally energy-eflicient travel route 1n a vehicle. An under-
lying algorithm enables various control actions based on
information from the cloud and vehicle-specific energy
consumption characteristics, with real-time adaptation of the
energy consumption characteristics being possible in certain
embodiments. Attendant benefits include the option of
selecting a travel route that optimizes energy consumption
within time or distance constraints, or of selecting travel
routes and/or controlling the vehicle 1n a manner that
maximizes overall energy efliciency.

It 1s recognized herein that route selection significantly
impacts energy consumption over a given route or trip.
Vehicle energy consumption 1s heavily impacted by factors
such as speed, traflic conditions, and driving distance. Real-
time driving conditions are constrained by legal speed limits
as well as real-time weather and road surface conditions.
While conventional navigation mapping software 1s able to
provide route options that minimize travel time or distance
based on real-time traffic conditions, such software does not
typically consider energy etliciency of the particular vehicle
in which the mapping software 1s being used. Thus, the
fastest route 1s not necessarily the most energy eflicient and
vice versa. By way of example, given the option of using
local roads versus a highway route with similar travel times,
a hybrid vehicle relying primarily on electric power at lower
speeds may use less energy traveling the local roads, while
a conventional gasoline-powered vehicle may use less
energy traveling the highway route at higher speeds where
an internal combustion engine 1s relatively eflicient.

In a particular embodiment, a method for generating
energy-optimized travel routes 1n a navigation system of a
vehicle includes generating candidate travel routes for a trip
having a route origin and a route destination. The method
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also 1includes dividing each candidate travel route 1nto route
segments and then estimating expected travel speeds along
cach segment using real-time traflic data, speed limuts,
and/or other cloud information. Additionally, the method
includes calculating an expected energy efliciency of the
vehicle over each segment using a vehicle-specific energy
elliciency model. Energy-optimized travel routes are then
generated and displayed via the navigation system, includ-
ing displaying a trace of the energy-optimized travel routes
and an expected or relative energy efliciency of the vehicle
along such routes.

The method may further include receiving a selection of
one of the displayed energy-optimized travel routes, e.g., via
a touch-screen input, and then displaying or broadcasting
turn-by-turn driving directions for the selected energy-opti-
mized travel route.

The navigation system may be programmed with multiple
vehicle-specific energy efliciency models each correspond-
ing to a characteristic of the vehicle, such as weight, or a
number of active engine cylinders or a particular powertrain
operating mode. In such an embodiment, the method may
include determining the characteristic of the vehicle, select-
ing one of the energy efliciency models using the determined
characteristic, and then calculating the expected energy
elliciency using selected model.

The method may include determining actual energy efli-
ciency of the vehicle over the route segments and adapting
the vehicle-specific energy efliciency model, e.g., a map,
curve, or data tables, over time using the actual energy
elliciency.

A vehicle 1s also disclosed that includes drive wheels, a
torque-generating device such as an engine and/or a traction
motor, a transmission having an input member connected to
the torque-generating device and an output member con-
nected to the drive wheels, and the navigation system. The
navigation system 1s configured to execute the method noted
above.

The above-noted and other features and advantages of the
present disclosure are readily apparent from the following
detailed description of the best modes for carrying out the
disclosure when taken 1n connection with the accompanying
drawings.

e

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic illustration of an example vehicle
having a navigation system configured as disclosed herein.
FIG. 2 1s a plot of three vehicle-specific energy consump-
tion models for three different example vehicle types.
FIG. 3 1s a schematic illustration of a route selection
screen for a navigation system of the type shown 1n FIG. 1.
FIG. 4 1s a flow chart describing a method for generating,

energy-optimized routes of travel in the vehicle depicted 1n
FIG. 1.

DETAILED DESCRIPTION

Referring to the drawings wherein like reference numbers
correspond to like or similar components throughout the
several figures, and beginning with FIG. 1, an example
vehicle 10 includes a navigation system 50 that uses vehicle-
specific energy consumption models 32, examples of which
are shown 1n FIG. 2, to automatically generate and display
possible travel routes to an operator of the vehicle 10. An
example route screen 56 i1s shown i FIG. 3, while an
embodiment of a method 100 for energy-optimized vehicle
route selection 1s depicted in FI1G. 4. The term “fuel” as used
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herein may apply equally to gasoline, diesel, bio-fuel, etha-
nol, or other alternative fuels. The term “energy” refers to
tuel as well as electricity, e.g., from a battery, fuel cell, or
other power supply aboard the vehicle 10. The mix of energy
for a given vehicle therefore depends on the nature of the
powertrain used to propel that vehicle, whether as a hybrid
electric vehicle as shown 1n FIG. 1, a conventional vehicle,
or a battery electric vehicle.

The navigation system 50, using vehicle state informa-
tion, 1s configured to automatically adapt the vehicle-spe-
cific energy consumption models 52 over time, with the
models 52 being unique to the vehicle 10. For instance, the
navigation system 30 may be initially programmed with
curves or data tables describing the expected energy etli-
ciency of the vehicle 10, with the possibility of the same
models 52 being imitially used for all vehicles 10 of the same
model year, make, and model. Over time, however, the
navigation system 50 updates or adapts the content of the
models 52 based on actual demonstrated energy etliciency
and driving behavior.

Referring briefly to FIG. 2, an example of such vehicle-
specific energy consumption models 52 1s shown as char-
acteristic curves V1, V2, and V3 for three different vehicle
types, 1n this mstance a bus, a sport utility vehicle, and a
sedan, respectively. Actual data points for characteristic
curves V1, V2, and V3 are respectively denoted as +, [ ], and
o. Conventional best-fit techniques can be used to generate
the characteristic curves V1, V2, and V3. Thus, over time the
characteristic curves V1, V2, and V3 can be adapted as more
data points are collected, with older data points being
discarded in favor of newer ones, €.g., 1n a circular builer or
array.

As noted generally above, conventional mapping software
accurately generates suggested travel routes with corre-
sponding distances and estimated travel times, and also
accounts for certain ‘“look ahead” data such as traffic,
accidents, construction, and road closures. Such software,
however, 1s not informed as to past performance and current
operating conditions of a given model year, make, and
model of the vehicle 10, much less about the vehicle 10 1n
particular. The navigation system 50 therefore creates and
adapts unique vehicle-specific energy consumption models
52 for the vehicle 10 for ongoing use 1n the method 100.

FIG. 2 1s intended to show that different vehicles have
different characteristic curves. Additionally, 1t 1s also true
that for a particular vehicle type, e.g., a sedan, diflerent
sedans will have different curves. Moreover, even the same
make and model of vehicle 10 could have, over time,
different characteristic curves. For example, diflerent main-
tenance behavior, road conditions, or different driving styles
can result 1n variation 1n such characteristic curves from one
vehicle 10 to another. The navigation system 50 therefore
records the actual energy efliciency of the particular vehicle
10 within which the navigation system 50 1s to be used. As
1s known 1n the art, telematics devices such as ONSTAR
may have access to energy consumption characteristics of
the vehicle 10. Therefore, 1n some embodiments a remote
device 42 as shown 1n FIG. 1 may include or may be used
with such a telematics service to free up onboard computa-
tional resources.

The navigation system 50 may adapt its approach to
different loading conditions, 1.e., with multiple vehicle-
specific energy consumption models 52 used for the differ-
ent loading conditions 1n different embodiments. By way of
example, different models 52 may be used for different
vehicle characteristics, such as a loaded weight, e.g., as
determined via a weight or displacement sensor S;;-as shown
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in FIG. 1. Similarly, vehicles 10 equipped with automatic
cylinder deactivation or “active fuel management™ function-
ality can have multiple such models 52 depending on the
number of cylinders presently in use. In other embodiments,
the powertrain controller 60 may be operable for selecting a
powertrain operating mode for the engine 12 and/or traction
motor 16, and the navigation system may be configured with
a plurality of the vehicle-specific energy efliciency models
52 each corresponding to a different one of the powertrain
operating modes. The navigation system 50 1s configured to
determine from the current weight, number of active cylin-
ders, or selected powertrain operating mode or other char-
acteristic of the vehicle 10 which of the various models 52
to select and use 1n the execution of the method 100.

Referring again to FIG. 1, the navigation system 50 uses
cloud information (arrow 27) transmitted from the remote
source 42, doing so in conjunction with the characteristic
curves embodying the vehicle-specific energy consumption
models 52, 1n order to estimate energy efliciency of the
vehicle 10 over various candidate routes of comparable
travel time/distance. The most economic routes in terms of
energy consumption are then displaced via a route screen 56
on a human-machine interface (HMI) device 54, e.g., a
display or touch screen of a fixed or portable device, 1n
conjunction with expected energy consumption over such
routes.

The navigation system 50 may be embodied as one or
multiple digital computers or data processing devices, each
having one or more microprocessors or central processing
units, read only memory, random access memory, electri-
cally-erasable programmable read only memory, a high-
speed clock, analog-to-digital circuitry, digital-to-analog cir-
cuitry, and any required mput/output circuitry and devices,
as well as signal conditioning and buflering electronics.
While shown as a single device in FIG. 1 for simplicity and
clanity, the various elements of the navigation system 50
may be distributed over as many different hardware and
software components as are required. The vehicle 10 may
include sensors such as the sensor S, which as explained
below can determine a weight (arrow W, ) of the vehicle 10,
¢.g., via direct measurement of weight or displacement, 1n
which case the navigation system 50 receives the weight
(arrow W,,) from the sensor S;;, for use 1n some embodi-
ments.

In various embodiments, the vehicle 10 of FIG. 1 may be
a conventional vehicle, a plug-in hybrid, a standard hybnd
clectric vehicle, or an extended range electric vehicle. In the
non-limiting illustrative embodiment shown 1n FIG. 1, the
vehicle 10 includes an electric traction motor 16 that pro-
vides motor torque to a transmission (1) 14, and an energy
storage system or battery (B) 22, e.g., a multi-cell recharge-
able battery. A power mverter module (PIM) 18 may be
clectrically connected between the battery 22 and the trac-
tion motor 16 via a high-voltage AC bus 19, and used to
ivert DC power from the battery 22 mto AC power for
energizing phase windings of the traction motor 16 and vice
versa, via pulse width modulation or other high-speed semi-
conductor switching processes as 1s well known 1n the art. A
high-voltage DC bus 23 may be electrically connected
between the PIM 18 and battery 22. A DC-DC power
converter (not shown) may also be used as needed to
increase or decrease the level of DC power to a level suitable
for use by various DC-powered systems.

When configured as a hybrid electric vehicle as shown, or
as a conventional vehicle, the vehicle 10 may include an
internal combustion engine (E) 12 that selectively generates
engine torque via an engine output shait 21. Torque from the
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engine output shaft 21 can be used to erther directly drive a
transmission mnput member 17, and thus to propel the vehicle
10, e.g., 1n a hybrid electric vehicle design, or to power an
clectric generator 1n an extended-range electric vehicle
design. An input clutch and damper assembly 15 may be
used to selectively connect/disconnect the engine 12 from
the transmission 14 and damp engine oscillations during the
engine connection/disconnection process. Input torque (ar-
row T, 1s transmitted from the traction motor 16 and/or the
engine 12 to the transmission 14, with output torque (arrow
T ) from the transmission 14 ultimately delivered to a set of
drive wheels 32 via a drive axle 34. In the possible conven-
tional embodiment noted above, the vehicle 10 would forego
use of the traction motor 16 as a torque generator.

The vehicle 10 may further include a powertrain control-
ler 60 that provides a corresponding powertrain control
signal (arrow 66) to the navigation system 30 for use 1n the
method 100. The powertrain controller 60 1n one possible
embodiment may be a hybrid control processor. In such an
embodiment, the powertrain controller 60 may coordinate
the 1nput torque (arrow T,) to the transmission 14 from the
engine 12 and the traction motor 16 using feedback and
control signals (double arrow 11), e.g., motor d-axis and
g-axis currents, speed of the traction motor 16, phase
voltages, etc. The powertrain controller 60 1n turn reports the
current powertrain state to the navigation system 50 as part
of the powertrain control signals (arrow 66). The powertrain
state may 1nclude information such as the number of cylin-
ders of the engine 12 that are activate, the remaining energy
or state of charge of the battery 22, whether or not the
transmission 14 1s 1n a fixed gear mode, an electric vehicle
mode, an electrically variable transmission mode, and the
like.

The navigation system 30 of FIG. 1 1s in commumnication
with the remote source 42 and a geospatial database 24.
From the remote source 42, the navigation system 50 can
receive the cloud information (arrow 27), including but not
limited to weather data/road conditions, tratlic conditions
including trathic levels, accidents, and/or road construction/
closures, and posted speed limits. Such cloud information
(arrow 27) may also be used by the navigation system 50 1n
adapting the vehicle-specific energy consumption models 52
and ultimately determining the most energy ellicient routes
for the vehicle 10.

From the geospatial database 24, the navigation system 50
can also receive geospatial information (arrow 28) for use 1n
generating models and energy-etlicient routes for display. As
used herein, the term “‘geospatial database” refers to a
geographic information system contaiming geospatial data of
multiple contiguous locations. The geospatial database 24
may be remotely located with respect to the navigation
system 50 as shown, with the geospatial information (arrow
28) being accessible by the navigation system 50 using a
transmitter/receiver (not shown). When the geospatial data-
base 24 1s local, e.g., stored on tangible media as mapping,
software and accessed directly by associated hardware com-
ponents of the navigation system, the geospatial database
may be positioned aboard the vehicle 10.

The navigation system 350 of FIG. 1 1s configured to
display recommended energy-eflicient travel routes via the
HMI device 54. The HMI device 54 may graphically or
visually display the recommended travel route(s) via a
graphical route/map trace and/or text-based turn-by-turn
driving directions, such as 1s depicted 1n FIG. 3, and/or may
be further configured with an audio speaker (not shown) that
broadcasts turn-by-turn driving directions as audible speech.
Additional data (double-headed arrow 13) to and from the
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navigation system 50 from the HMI device 54 may include
information such as route origin and route destination for the
trip, which may be manually entered via touch input as 1s
well known 1n the art.

FIG. 3 depicts an example route screen 356 showing
different recommended routes R1 and R2. Candidate routes
are lirst determined by the navigation system 50 using
conventional map planning techniques, such as optimal
searching via dynamic programming wherein the optimal
route(s) are searched against a given time or distance con-
straint and costs are associated with traveling each segment
of the various possible routes. From the returned routes, the
navigation system 50 can then use minimal energy con-
sumption as a further cost constraint, again using local
optimization, and thereafter display one or more alternative
energy-ellicient routes, with route R2 being an alternative to
route R1 1n the illustrative example of FIG. 3.

Text bubbles 57A and 57B may be displayed containing
conventional route description data, e.g., the estimated time
and distance of travel, for instance “19 min” and “9.9 m” for
route R2 and “13 min” and “12.3 m” for route R1. Addi-
tional text bubbles 58 and 59 can be optionally populated
with relative or actual energy consumption mformation for
each of the routes R1 and R2. For instance, while actual
values of 1 gallon (gal) and 0.8 gal are used 1n the depicted
examples, the navigation system 50 may instead display
relative values such as 1 for the conventional shortest/fastest
route, 1n this case R1, and a value such as 0.8 for route R2
to indicate that traveling along route R2 would reduce
energy consumption by about 20% relative to traveling
along route R1.

That 1s, knowing the vehicle-specific energy consumption
models 52 and corresponding characteristic curves of the
vehicle 10, and knowing the constraints along alternative
routes R1 and R2 in terms of posted speed limits, traflic,
traflic lights, construction, etc., the navigation system 30 can
estimate energy consumption of the vehicle 10 using dem-
onstrated past behavior when traveling under similar trav-
cling and vehicle state conditions. The operator can then
select one of the displayed energy-eflicient routes R1 and
R2, with the navigation system 50 thereafter providing
turn-by-turn driving instructions for navigating the selected
energy-eflicient route R1 or R2.

Reterring to FIG. 4, the method 100 noted above enables
energy-optimized travel routes to be generated via the navi-
gation system 50 shown 1n FIG. 1. The method 100 1includes
the steps ol generating a plurality of candidate travel routes
for a trip having a route origin (O) and a route destination
(D), e.g., using conventional route planning techniques
based on shortest distance or travel time. The method 100
then divides each candidate travel route into a plurality of
route segments, with such segments bounded by intersec-
tions, turns, landmarks, or other known break points.

The navigation system 50 then estimates expected travel
speeds of the vehicle 10 along each segment, doing so using,
the cloud information (arrow 27) from the remote source 42
of FIG. 1. An expected energy efliciency of the vehicle 10
1s calculated over each of the candidate travel routes and/or
segments using the vehicle-specific energy etliciency mod-
cls 52, with the energy-optimized travel routes then dis-
played via the navigation system 50, including displaying a
trace of the energy-optimized travel routes and an expected
or relative energy etliciency of the vehicle 10 along such
routes.

A particular embodiment of the method 100 begins with
step S102. The navigation system 30 of FIG. 1 uses the
remote source 42 as a cloud service to obtain the cloud




US 10,215,576 B2

7

information (arrow 27) described above. The navigation
system 50 then uses conventional mapping techniques to
determine diflerent route options each oflering an acceptable
travel time, e.g., within 5 minutes of a best possible transit
time. Routes having an acceptable travel time relative to a
calibrated or selectable time are considered to be candidate

routes as noted above. The method 100 then proceeds to step
S104.

At step S104, the navigation system 30 next divides each
candidate travel route into segments. For instance, the
navigation system 50 may identily break points from a
recorded or detected starting point, 1.e., the route origin (O),
to a recorded destination point (D) and define local routes
connecting the break points. The navigation system 50 then
estimates travel speeds of the vehicle 10 along each of these
segments based on the received cloud information (arrow
27) from step S102. For each route segment, the navigation
system 50 may estimate the expected travel speed based on
current tratlic conditions, posted speed limits, and/or an
expected driving strategy.

In a particular embodiment, the navigation system 50 may
determine 1n real-time the most energy eflicient vehicle
speed trajectory for a given route with constrained speed and
travel times. Such an approach may allow the engine 12
and/or motor 16 to operate closer to maximum efliciency.
The vehicle 10 can then follow the speed trajectory with
minmum energy consumption.

For instance, as part of step S104 the navigation system
50 of FIG. 1 may obtain the optimal cost for navigating each
local route or segment starting from a particular break point,
doing so based on trailic information to determine an aver-
age driving speed on each segment. Optionally, step S104
may entail using a probabilistic model to determine idle
energy consumption, €.g., while waiting at a stop sign or
light.

Step S104 may 1include determining an optimally energy-
ellicient driving speed along each of the plurality of energy-
optimized travel routes, with a control action ultimately
executed with respect to the vehicle 10 using the optimally
energy-ellicient driving speed. The optimally energy-etl-
cient driving speed may be displayed or controlled. With
respect to the latter option, controlling the speed of the
vehicle 10 may be achieved automatically or autonomously
via the powertrain controller 60 over a selected route or
segment 1n response to a request from the navigation system
50. The navigation system 50 may determine an optimally
energy-ellicient speed range over the various segments, and
then may request the powertrain controller 60 to exercise
autonomous control over the various powerplants of the
vehicle 10, e.g., the engine 12 and/or traction motor 16 of
FIG. 1, so as to maintain vehicle speed within the optimally
energy-etlicient speed range bounded by any posted speed
limits. That 1s, the navigation system 30 may request the
powertrain controller 60 to automatically adjust the speed of
the vehicle 10 as needed to maintain an optimally energy-
ellicient speed within the range defined by any upper and
lower speed limits. Alternatively, the navigation system 50
may simply display speed prompts instructing an operator of
the vehicle 10 to manually adjust driving speed as needed to
meet to optimally energy-eflicient driving speed.

By way of an example, given a time constraint the optimal
solution provided by the navigation system 50 determines an
optimal vehicle speed constrained by maximum and mini-
mum speeds along the route or segment. Such an optimal
solution can be obtained by assuming an optimal vehicle
speed and then calculating the time (n) to travel a total
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distance (d). The speed trajectory S;{k) being controlled 1n
this example illustration may be described mathematically
as:

Spik)=min(max(S,”",S,""(k)),S," )

where S, 1s the vehicle speed which minimizes the amount
of work required to travel the distance (d), and thus the fuel
or other energy consumed, with the time (n) constraint of:

3
Z .
= . opt .
— min(max(Sy ", Smin(k)), Smax(k))

In a vehicle 10 having the drive wheels 32 shown in FIG.
1, the steady-state road load power P.{ W) may be described
as:

P W)=[2.73CoM 40.0126C 1A 1S (K)2]-S (k)

where C, 1s the coeflicient of rolling resistance plus gradient
resistance, 1.¢., determined by weight of the vehicle 10 and
the steepness of any surface on which the vehicle 10 travels,
M, 1s the vehicle mass 1n kilograms, C,, 1s the drag coefli-
cient, and A, 1s the frontal area of the vehicle 10 1n meters
squared (m?®). Thus, the work (J) to be performed may be
represented as:

i
[—

J

Pg (W)

P
I
=

Power P(,) can be replaced with the fueling rate, e.g., 1n g/s
or gal/h, or the equivalent 1n electrical energy, as 1t 1s noted
herein that such a rate 1s almost linearly proportional to
power. Thus, a generalized optimal solution can be used as
part of the method 100 to search for optimal vehicle speeds
with the boundaries of upper and lower speed limits when
searching for a vehicle speed providing the minimal energy
consumption along a given route or segment.

Step S106 includes computing the expected energy efli-
ciency for each segment of step S104 based on the expected
travel speeds, and also determining the total expected energy
consumption for route option. Energy consumption may be
calculated as a function of vehicle speed, e.g., energy
consumption=a, +a,*vehicle speed+a.(vehicle speed)’, with
a,, a,, and a, being calibrated constants that are dependent
on the type of vehicle 10 and 1ts present operating state.
Energy consumption characteristics vary depending on fac-
tors 1n the form of weight, driver behavior, and certain
environmental conditions such as altitude. Thus, as part of
step S106 the navigation system 30 may estimate weight of
the vehicle 10 1n real time, or may measure the weight
reported by the sensor(s) S,, of FIG. 1. Once this has been
computed, the method 100 proceeds to step S108.

At step S108, the navigation system 50 next selects
multiple candidate routes, again via dynamic programming
based on optimal costs and given time constraints as noted
above, and then displays the routes via the HMI device 54
with accompanying energy eiliciency information, €.g., as
shown 1n FIG. 3. As part of step S108, the operator may
select a given route via touch mput to the HMI device 54
shown 1n FIG. 1. Thereafter, the navigation system 50 can
execute a control action with respect to the HMI device 54,
¢.g., by displaying turn-by-turn navigation instructions and/
or a map to a destination along the selected energy-efhicient
route.
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As part of the method 100, the navigation system 50 of
FIG. 1 can be configured to compare actual energy con-
sumption over a particular travel route with the estimated
values recorded 1n the vehicle-specific energy consumption
models 52. Thereatter, the navigation system 30 can adapt
the models 52 1n real time using the demonstrated actual
energy elliciency, e.g., by recording the demonstrated energy
clliciency as the characteristic curve or by averaging the
actual energy efliciency into prior-collected data to improve
the accuracy.

The concepts disclosed above can be readily applied to
multiple destination scenarios in which the sequence of
travel between the destinations 1s flexible. For instance, 1f an
operator of the vehicle 10 of FIG. 1 requires three destina-
tions to be visited on a given trip, but 1n no particular order,
the navigation system 50 may generate and display different
route options for visiting all three destinations 1n different
orders. Thus, the method 100 described above may be
modified such that the navigation system 30 receives mul-
tiple destinations instead of just one, and generates the
candidate travel routes as noted above, starting with the
route origin and traveling to the various route destinations.
The navigation system 50 then displays energy-optimized
travel routes from the route origin through the route desti-
nations in an order that optimizes energy efliciency follow-
ing the method 100. The navigation system 50, using the
method 100 described above, can analyze energy efliciency
ol each route. The operator can then select the route based
on the required time and energy consumption.

Additionally, vehicle-specific energy consumption
closely correlates with vehicle speed, with conventional
powertrain energy efliciency being degraded at lower
speeds. As such, pewertrain e'ﬁeieney can be heavily traflic
dependent For instance, in morning or evemng rush hour
traflic, a conventional Vehlele may experience relatively low
energy efliciency. When driving the same route at a different
time of day, e.g., mid-morning or late evening when tratlic
1s light, or on a weekend, the same vehicle may experience
a relatively high level of energy efliciency. Thus, the navi-
gation system 50 of FIG. 1 may be configured to plan a trip
well ahead of time using historical and real-time traflic
patterns, with added constraints of mimmum energy con-
sumption, minimum travel time, or both.

More specifically, the navigation system 50 may use
historical trailh

ic mnformation, e.g., based on time of day, and
may even anticipate traflic conditions expected for special
events such as holidays, parades, concerts, sporting events,
and the like, all of which may be available as part of the
cloud information (arrow 27). The navigation system 50 can
then plan not only when to travel, but also could plan a
particular sequence of visiting multiple destinations.

As with the various embodiments disclosed above, spe-
cific routes can be selected, but 1t may also be desirable for
the operator to wait until an actual time of travel to select
such a route so that real-time traflic conditions can be
considered. For trip planning, therefore, a desired metric
may be a particular time of travel, a particular level of
energy consumption, and/or travel time. In practice, such an
approach could be used ahead of time to determine time of
travel and/or a particular sequence of destinations to visit.
Thereatter, the method 100 described above may be used
during the trip to determine a energy-eflicient route to take
based on real-time traflic other cloud information (arrow
27).

Using the above method 100 and navigation system 50, an
operator of the vehicle 10 of FIG. 1 can enjoy a route
selection strategy that can be used to select routes that
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minimize energy consumption within an acceptable time of
travel. Simple adaptable vehicle-specific energy consump-
tion models 52 are used to describe the vehicle-specific
energy consumption characteristics, with the option of opti-
mal sequencing of destinations to further minimize energy
consumption. The present approach can be performed
onboard using computational resources of the navigation
system 30, or a remote 1mplementation may be used 1n
which ONSTAR or another telematics service can perform
the energy consumption analysis and computations dis-
closed herein.

While the best modes for carrying out the disclosure have
been described 1n detail, those familiar with the art to which
this disclosure relates will recognize various alternative
designs and embodiments for practicing the disclosure
within the scope of the appended claims.

The mvention claimed 1s:
1. A method for generating energy-optimized travel routes
in a navigation system of a vehicle, the method comprising:
generating, via the navigation system, a plurality of
candidate travel routes for a trip having a route origin
and a route destination;
dividing each of the candidate travel routes 1nto a plurality
of route segments;
estimating expected travel speeds of the vehicle along
cach of the route segments via the navigation system
using cloud information, wherein the cloud information
includes mapping data from a geospatial database and
traflic information along each of the route segments,
and wherein the tratlic information includes at least one
of real-time trafli

et

1¢c infor-

ic information and historic tra
mation for the route segments;

calculating an expected energy efliciency of the vehicle

over each of the route segments, including:

usmg a vehicle-specific energy € Ticiency model to deter-

mine an expected energy efliciency of the vehicle over
the route segments, mncluding determining an actual
energy efliciency over the route segments over time,
and adapting the vehicle-specific energy eiliciency
model 1n real-time based upon a comparison of the
expeeted energy etliciency and the actual energy efli-
ciency; and

displaying a plurality of energy-optimized travel routes

via the navigation system using the calculated expected
energy elliciency.

2. The method of claim 1, wherein displaying a plurality
of energy-optimized travel routes includes displaying traces
of the energy-optimized travel routes and the calculated
expected energy etliciency of the vehicle.

3. The method of claim 1, further comprising: determin-
ing an optimally energy-eflicient driving speed along each of
the plurality of energy-optimized travel routes and executing,
a control action with respect to the vehicle using the opti-
mally energy-etlicient driving speed.

4. The method of claim 1, wherein the navigation system
includes a plurality of the vehicle-specific energy efliciency
models each corresponding to a characteristic of the vehicle,
the method further comprising: determining the character-
istic of the vehicle, selecting one of the vehicle-specific
energy efliciency models using the determined characteris-
tic, and calculating the expected energy efliciency using the
selected energy efliciency model.

5. The method of claim 4, wherein the characteristic 1s a
weilght of the vehicle, and wherein determining the charac-
teristic includes measuring a weight or displacement of the
vehicle.
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6. The method of claim 4, wherein the vehicle includes an
engine, the characteristic 1s a number of active cylinders of
the engine, and determinming the characteristic includes
determining the number of active cylinders.
7. The method of claim 1, wherein displaying the plurality
of energy-optimized travel routes includes displaying the
expected energy efliciency as a text bubble proximate the
displayed energy-optimized travel routes.
8. The method of claim 1, wherein the trathc information
includes the historic trathic information for the route seg-
ments, calculating an expected energy efliciency of the
vehicle 1s conducted using the historic traflic information,
and displaying a plurality of energy-optimized travel routes
includes displaying a recommended start time for the trip.
9. The method of claim 1, wherein the trathc information
includes the historic tratlic information for the route seg-
ments, calculating an expected energy efliciency of the
vehicle 1s conducted using the historic traflic information,
and displaying a plurality of energy-optimized travel routes
includes displaying energy-optimized navigation instruc-
tions for the trip.
10. The method of claim 1, wherein the vehicle includes
a powertrain controller 1n communication with the naviga-
tion system, the method further comprising:
determining an optimally energy-ethicient driving speed
along each of the route segments; and
controlling a speed of the vehicle via the powertrain
controller 1n response to a request from the navigation
system to thereby maintain the optimally energy-efli-
cient driving speed.
11. The method of claim 1, further comprising: receiving
multiple route destinations via the navigation system, gen-
erating the plurality of candidate travel routes between the
route origin and each of the multiple route destinations and
between each of the route destinations, and displaying the
energy-optimized travel routes from the route origin through
cach of the route destinations in an order that optimizes
energy efliciency of the vehicle.
12. A vehicle comprising:
a plurality of drive wheels;
a torque-generating device;
a transmission or gear train having an input member
connected to the torque-generating device and an out-
put member connected to the dnve wheels; and
a navigation system configured to:
generate a plurality of candidate travel routes for a trip
having a route origin and a route destination;

divide each of the candidate travel routes 1mto a plu-
rality of route segments;

estimate expected travel speeds of the vehicle along
cach of the route segments using cloud information,
including real-time and historic tratlic data and speed
limits along each of the route segments;

calculate an expected energy efliciency of the vehicle
over each of the route segments using at least one
vehicle-specific energy efliciency model, including;
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use a vehicle-specific energy efliciency model to deter-
mine an expected energy efliciency of the vehicle over
the route segments, including determine an actual
energy elliciency over the route segments over time,
and adapt the vehicle-specific energy etliciency model
in real-time based upon a comparison of the expected
energy eiliciency and the actual energy efliciency; and
display a plurality of energy-optimized travel routes via
the navigation system using the calculated expected
energy elliciency, including displaying a trace of the
energy-optimized travel routes and an expected or
relative energy efliciency of the vehicle along each of
the energy-optimized travel routes proximate the
displayed travel routes.

13. The vehicle of claim 12, further comprising a sensor,
wherein the navigation system includes a plurality of the
vehicle-specific energy efliciency models each correspond-
ing to a different weight of the vehicle, wherein the navi-
gation system 1s configured to determine the weight of the
vehicle using the sensor, select one of the vehicle-specific
energy elliciency models using the determined weight, and
calculate the expected energy efliciency using the selected
vehicle-specific energy efliciency model.

14. The vehicle of claim 12, wherein the torque generating
device includes at least one of an internal combustion engine
and a traction motor, the vehicle further comprising: a
powertrain controller operable for selecting a powertrain
operating mode for the torque generating device, and
wherein the navigation system includes a plurality of the
vehicle-specific energy efliciency models each correspond-
ing to a different one of the powertrain operating modes.

15. The vehicle of claim 12, further comprising: a pow-
ertrain controller 1n communication with the navigation
system, wherein the navigation system 1s configured to
determine an optimally energy-efficient driving speed along
cach of the plurality of energy-optimized travel routes, and
wherein the powertrain controller 1s configured to control a
speed of the vehicle over the selected route 1n response to a
request from the navigation system to thereby maintain the
optimally energy-eflicient driving speed.

16. The vehicle of claiam 12, wherein the navigation
system 15 configured to receive multiple route destinations,
generate the plurality of candidate travel routes between the
route origin and the route destinations, and display the
energy-optimized travel routes from the route origin through
cach of the route destinations in an order that optimizes
energy elliciency of the vehicle.

17. The vehicle of claim 12, wherein the navigation
system 1s configured to determine an optimally energy-
cllicient driving speed along each of the plurality of energy-
optimized travel routes, and to display the optimally energy-
eilicient driving speed.
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